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Abstract: Although respiratory syncytial virus (RSV) is one of the leading causes of acute respiratory
tract infection in infants and adults, effective treatment options remain limited. To circumvent
this issue, there is a novel approach, namely, the development of multifunctional liposomes for
the delivery of anti RSV-peptides. While most of the peptides that are used for loading with the
particulate delivery systems are the penetrating peptides, an alternative approach is the development
of liposome-peptide systems, which are loaded with an RSV fusion peptide (RF-482), which has
been designed to inhibit the RSV fusion and block infection. The results of this work have revealed
that the liposomes themselves can serve as potential RSV inhibitors, whilst the anti-RSV-peptide
with liposomes can significantly increase the RSV inhibition when compared with the anti-RSV
peptide alone.
Keywords: liposomes; respiratory syncytial virus; peptide; hydrophilic
1. Introduction
Respiratory syncytial virus (RSV), as well as Rhinovirus (HRV), are the primary causes of acute
lower respiratory tract (LRTI) infections [1]. An RSV infection is particularly noticeable during winter
for populations, including the fetus, infants [2], young children, and adults [3–5]. A focused cause of
bronchitis and pneumonia is RSV. It is widely recognized that there is a need for a vaccine against RSV,
as the natural infection is not capable of providing life-long immunity and patients are prone to suffer
from repeated RSV infection [6].
RSV, which belongs to the Pneumoviridae family, is a distinct serotype that has two major antigenic
circulating subgroups (A & B), of which the A is dominant [5,7,8]. RSV has an RNA genome
consisting of 15,191 base pairs. The virus can be identified with 11 proteins, including 2-non-structural
proteins (NS-1 and NS-2), 3-surface proteins (glycoprotein-G, fusion protein-F, and small hydrophobic
protein-HP), two overlapping frames of M2 mRNA producing 2 distinct transcription factors (M-1 and
M-2), and four other structural proteins (matrix protein-M, nucleocapsid-N, phosphoprotein-P,
and large protein-L) [5]. The viruses of the Pneumoviridae family fuse their membrane with the plasma
membrane of the host, which results in a cell fusion if it is added to the cell in large quantity [9].
The entry of the RSV virus into the host cells occurs with the aid of the fusion protein-F, which has two
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hepated-repeated regions that form a hairpin-like structure, which facilitates the entrance of the virus
into the cells [10].
The root cause analysis of any disease or disorder is at the foundation of the treatment design.
An infection of RSV can start with a mild upper respiratory tract infection (URTI) and may lead to a
potentially precarious lower respiratory tract infection [5]. RSV transmission occurs from person to
person contact, directly or indirectly; an RSV infected person, upon sneezing or coughing, can leave
viral droplets suspended in the air, which have the potential for transmission of the infection by
entering the healthy individual through the mouth, nose, or eyes [11].
The first line treatment of RSV infection is the use of bronchodilators, such as α and/or β
adrenergic agonist [5]. For pediatrics, since corticosteroids are not approved for treating RSV-infected
individuals that are less than 1 year old, because of safety concerns [12], the use of vaporub and
non-aspirin formulations, such as paracetamol, are the treatments of choice prior to clinical attention.
Of the very few options available for the treatment of RSV, Ribavirin, a broad spectrum antiviral drug,
is used. Although this too comes with limitations and drawbacks [13]. Despite several concept studies
that have claimed the effectiveness of ribavirin in significantly reducing the RSV load and minimizing
the disease severity, the disadvantages of the mutagenicity, teratogenicity, and carcinogenicity have
subsequently resulted in FDA denial [14]. An active rather than passive prophylaxis would be a better
choice but, unfortunately, there is no current vaccine that has been developed for the RSV infection.
The formalin-inactivated vaccine was launched in the 1960s but was later withdrawn because of
inadequate immunogenic responses, as well as an atypical TH2-type response, which increases the
chances of reinfection with similar or deadly infections [12].
The use of nanoparticulate systems, such as liposomes, can provide adjuvant action by an
enhanced antigen delivery or by inducing an innate immune response [15]. Commercially, liposomes
are the most successful carrier systems across the globe. Liposomes are vesicles with an aqueous
core, which are surrounded by a phospholipid bilayer. From the numerous pre-clinical and clinical
studies, it is clear that those liposomes are not only carriers of the chemical and biological materials,
but they are also non-toxic and good at retaining efficacy. Indeed, the potential of the liposomes to act
as a latent carrier of active pharmacological agents is well established [16–18], whilst liposomes have
also shown their ability to carry antigens and to serve as immunomodulators [19]. Recently, a novel
approach to inhibit the RSV has been the use of gold nanoparticles (GNPs) [20]. These GNPs can
be functionalized with nucleic acid, antibodies, drugs, and peptides, and these functionalized GNPs
then can be applied in the diagnosis or treatment of the diseases [21]. The anti-RSV fusion peptide
RF-482 (sequence: VFPSDEFDASISQVNEKINQSLAFIRKSDLLHNVNAGKK) is used to functionalize
the GNPs, and a significant inhibition of the RSV was observed after the loading of the GNPs [20].
The liposomes can be loaded with peptides, however insufficient research has been performed using
liposomes as carrier systems for the inhibition of RSV [22–24]. Therefore, considering the global need
and structural attributes of liposomes, this work describes an approach that employs the liposomes for
the loading of RF-482, for the enhanced inhibition of RSV.
2. Materials and Methods
2.1. Materials
The lipid 1,2-disteroylphosphatidylcholine (DSPC) was purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL, USA). The cholesterol was obtained from Sigma-Aldrich Co. (St Louis, MO,
USA). The minimal essential medium (MEM), Dulbecco’s Modified Eagle’s media (DMEM), Hank’s
balanced salt solution (HBSS), fetal bovine serum (FBS), 7-amino actinomycin D (7-AAD), L-glutamine
(100 mM), antibiotics, TrypLE™, Lipofectamine 2000, real-time probe, primers, SuperScript® II Reverse
Transcriptase, and TaqMan® Master Mix 2× were purchased from Life Technologies (Thermo Fisher
Scientific, Waltham, MA, USA). Both the DNA and ribonucleic acid (RNA) isolation kits were purchased
from Qiagen (Germantown, MD, USA). The human epithelial type 2 (HEp-2) cells were obtained from
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American Type Culture Collection (ATCC®, Manassas, VA, USA). The cell toxicity was analyzed using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye-based cell proliferation
assay kit from Promega Corp (Madison, WI, USA). The osmium tetroxide (4% solution) that was used
for the fixative staining of the liposomes was purchased from Electron Microscopy Sciences (Hatfield,
PA, USA). The ethanol was purchased from Fisher Scientific, Fair Lawn, NJ, USA. All of the reagents
that were used for the experiments were of analytical grade.
2.2. Preparation of Small Unilamellar Liposomes
The liposomes were prepared using the thin-film hydration method [25]. Briefly, the lipid
DSPC and cholesterol (5:2 w/w) were dissolved in an organic solvent mixture of chloroform and
methanol, with the addition of the lipophilic drug, followed by a solvent evaporation to obtain a thin,
dry film. The film was then hydrated with a phosphate buffered saline (PBS) (1 mM, pH 7.4, 25 ◦C),
which resulted in the formation of the multi-lamellar vesicles (MLV). This MLV suspension was then
sonicated using a probe sonication so as to obtain small unilamellar vesicles (SUV). The sonicated
liposomal suspension was then centrifuged to remove titanium debris.
2.3. Loading of Peptide
The liposomal suspension was obtained after the removal of the titanium debris was used for
the peptide loading. The RF-482 (500 µg) was added to the liposomal suspension (2.0 mL) and it
was subjected to the mechanical shaking for 30 min. The non-associated peptide was then removed,
using centrifugal filter units (Ultracel-50K, Millipore Ireland Ltd., Cork, UK). The RF-482 loaded
liposomes were then used for further studies.
2.4. Particle Characteristics
Dynamic light scattering (DLS) (Zetasizer Nano-S, Malvern Instruments, Westborough, MA,
USA) was used for the size determination of the empty and RF-482 loaded liposomes. The zeta
potential was determined using the laser Doppler velocimetry (Zetasizer Nano-S, Malvern Instruments,
Westborough, MA, USA). The samples were prepared using the PBS that was diluted 1–300 times
(pH 7.4, 25 ◦C).
2.5. Transmission Electron Microscopy (TEM)
Osmium tetroxide has commonly been used for the fixative stain for cells in the TEM analysis.
Since the liposome structure resembles cell structure, a similar fixative staining was performed in this
study. Briefly, a drop of each liposome sample was placed on to the carbon film mesh copper grid,
and the excess suspension was removed using a filter paper. The staining was performed using a 4%
osmium tetroxide solution and the images were captured using a high-resolution TEM (EM10A/B,
ZEISS, Oberkochen, Germany).
2.6. Quantification of Peptide Association
After the separation of the associated and non-associated peptide, the eluent and the liposome
suspension were tested for peptide presence using the micro bicinchoninic acid (BCA) assay kit
(Thermo Scientific, Rockford, IL, USA), according to the manufacturer’s protocol. Briefly, the standard
curves were prepared using the RF-482 peptide, for linearity and calibration. All of the samples were
diluted using PBS, and since ethanol was used to separate the liposome associated protein, this was
also further diluted with PBS. The standards and samples (150 µL each) were each added to wells
of a 96-well plate, which was followed by the addition of 150 µL of working reagent and incubation
for 2 h at 37 ◦C. The plate was then cooled to room temperature, and the absorbance measurements
were taken at 562 nm, using an ELISA plate reader (TECANTM, Morrisville, NC, USA). Apart from the
standards and samples, the ethanol, buffer, and empty liposomes were tested for BCA interference.
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2.7. Cell Viability Assay
The CellTiter 96® Non-Radioactive cell proliferation assay kit (Promega) and the MTT
(3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) dye was used to assess the cell toxicity
of the empty and peptide-loaded liposomes, as well as the peptide RF-482 to human HEp-2 cells.
The human HEp-2 cells were propagated using MEM, which was supplemented with 10% FBS, 2 mM
L-glutamine, 75 U/mL penicillin, 100 mg/mL kanamycin, and 75 mg/mL streptomycin (MEM-10).
Each well of a 96-well plate was seeded with 25,000 cells and incubated overnight at 37 ◦C in a 5% CO2
atmosphere for adherence. Two different concentrations of the peptide RF-482 (0.01 mg and 0.02 mg),
empty liposomes and peptide-loaded liposomes were added to the wells, and the cell toxicity was
assessed 72 h post incubation. The absorbance was measured at 570 nm, using an ELISA plate reader
(TECANTM). The percent viability was then calculated from a comparison of the samples against the
negative control.
2.8. Fluorescence Microscopy
The fluorescein isothiocyanate (FITC) labeled peptide RF-482 was used to demonstrate the
association of the peptide with the liposomes. However, in order to study the RSV inhibition,
30,000 cells per well were seeded into an 8-chambered slide. The cells were incubated with
peptide RF-482, empty liposomes, and peptide-loaded liposomes for 48 h, followed by fixing it
in a paraformaldehyde-glutaraldehyde and buffer (PBS) wash. The nuclei were stained using DAPI
and the cell membranes were stained using Cell Mask™ (Life Technologies). All of the chamber slides
were imaged using the DAPI and FITC channels of the Nikon Ti Eclipse fluorescence microscope
(Nikon Inc. Melville, NY, USA).
2.9. Plaque Assay
The plaque assay was one of the most common and reliable methods for the determination of
the viral/antiviral activity in the cell cultures. The plaque assay was performed using the HEp-2 cells
(1.5 × 105/well) that were cultured in MEM-10 for 48 h, in order to achieve a maximum confluency.
Dilutions of a mixture of RSV and peptide, empty liposome, and peptide-loaded liposomes were
prepared in DMEM before the infection. Post-infection, the cells were covered by immobilizing the
overlaying medium (1.6% Methylcellulose) and were subsequently incubated for five days at 37 ◦C
in 5%, CO2 environment. On day 5, the overlaying medium was removed, and the monolayer was
fixed with cold methanol at −20 ◦C, followed by being stained with a 0.1% crystal violet solution.
The plaques were counted in order to determine the viral or antiviral activity.
2.10. TaqMan qPCR Analysis
The HEp-2 cells (1.5 × 105/well) were seeded in 12-well plates, followed by treatment with
varied RSV dilutions (102 to 108), with and without the peptide, empty liposomes, or peptide-loaded
liposomes. These treated cells were then incubated for 48 h at 37 ◦C in a 5% CO2 environment,
which was followed by being harvested for RNA extractions. A total of 1 µg RNA/sample was
converted to cDNA, using reverse transcriptase according to the manufacturer’s protocols (Applied
Biosystems, Waltham, MA, USA). TaqMan qPCR was performed for the amplification of the RSV-F
gene, using the RSV-F gene-specific primers and probe, and previously published procedures [26,27].
The RSV-F gene amplicon dilutions (102 to 108) were used as the standards. The qPCR for each
sample was run in a duplicate on the Applied Biosystems® ViiA™ 7 real-time PCR (Life Technologies).
The fold changes were calculated by comparing the untreated cells.
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2.11. Statistical Analysis
Unless stated otherwise, the results were calculated as the mean ± standard deviation (SD).
The data were analyzed by the student’s t-test, alone, or by ANOVA, which was followed by Dunnett’s
post-hoc analysis for comparison. The significance was acknowledged for p values < 0.05.
3. Results
3.1. Confirmation of Peptide Loading
Liposomes are spherical vesicles made up of phospholipids [25]. Upon the hydration of a thin lipid
film, MLVs were formed by vortexing and heating the suspension above the transition temperature
(Tc) of the lipid. These MLVs could then be transformed into SUV by a variety of methods, including a
probe sonication, which was used in this study. The liposomes were one of the most flexible structures
that conjugate moieties, like lactose and peptide [22,28]. There was a slight change in the size of the
liposome that was observed after the loading with RF-482 (Figure 1).
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Hence, the BCA assay was performed for the analysis of both the eluent and liposome samples. It 
was confirmed that 81.7% ± 0.1% (n = 3) was not loaded and that 19.1% ± 0.4% (n = 3) was loaded 
(Figure 3). This also confirmed the 100% recovery of the initial amount of the peptide. 
Figure 2. Fluorescence microscopy analysis of the presence of the fluorescein isothiocyanate
(FITC)-labeled peptide RF-482 (green) confirms association with liposomes (40× magnification) (a).
Transmission electron microscopy analysis. Comparison between the empty liposomes (c) and the
RF-482 peptide-loaded liposomes (b).
3.2. Quantification of Loading
The exact mechanism of the protein–liposome association is still unknown. However, it was
confirmed by the fluorescence microscopy as well as the TEM that the peptide RF-482 was associated
with the liposomes. Since the association of the peptide–liposome was confirmed, it was necessary to
quantify the amount of protein that was loaded with the liposomes. However, it was equally important
to achieve the mass balance so as to study the actual amount of loading of the peptide. Hence, the BCA
assay was performed for the analysis of both the eluent and liposome samples. It was confirmed that
81.7% ± 0.1% (n = 3) was not loaded and that 19.1% ± 0.4% (n = 3) was loaded (Figure 3). This also
confirmed the 100% recovery of the initial amount of the peptide.
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3.3. Cell Toxicity Analysis
The peptide, liposomes, and peptide-loaded liposomes, all at two different concentrations,
were tested for their cell toxicity. There was no toxicity observed with both of the concentrations of all
of the samples. After 72 h of incubation, the observed cell viability was more than 80% (n = 3 ± SD) for
the chosen concentrations of the peptide RF-482. Whereas, in the case of the liposome alone, both of
the concentrations of lipids were found to be completely non-toxic. However, when the peptides
were loaded on to the liposomes, the toxicity was reduced slightly, as the cell viability for the chosen
concentrations were observed to be ~90% (n = 3 ± SD). (Figure 4).
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3.4. Evaluation of Viral Inhibition
The plaque reduction assay has been known as the optimum standard for the antiviral activity
analysis [29]. During the plaque assay, the monolayer of the HEp-2 cells was infected with the lytic
RSV. The infected cells experienced lytic cycles and eventually appeared as plaques or, in other
words, zones of cell death [30]. It was reported recently that the surfactant phospholipids that were
bound to the RSV had markedly suppressed the infection though fusion inhibition [31]. We tested
the anti-RSV peptide, liposomes, and liposome loaded peptide against RSV infection to HEp-2 cells.
When these plaques were counted, it was observed that, although the peptide RF-482 and liposomes
alone were capable of inhibiting the RSV, when they were combined, the peptide-loaded liposomes
had a significant increase in RSV inhibition (p < 0.05, ANOVA, post hoc Dunnett’s multiple comparison
tests) (Figure 5). Also, it was an interesting finding that the liposomes alone could also inhibit the RSV,
and significantly more so (p < 0.05, ANOVA, post hoc Dunnett’s multiple comparison tests) than the
peptide RF-482 alone.
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Figure 5. Screening of peptide, liposomes, and peptide encapsulated against respiratory syncytial virus
(RSV). Plaques were counted, and the mean plaque was a count of each sample, which was expressed
as a percentage of the mean count of the control. (n = 3 ± SD). Significant differences between the
samples represented as * p < 0.05 and ** p < 0.01.
To validate the plaque assay results, qualitative and quantitative testing as perfor ed.
I unofluorescence imaging was used as a qualitative tool, whilst PCR was employed as a
quantitative tool. The cells were incubated for 48 h with the peptide RF-482, empty liposomes,
and peptide-loaded liposomes, followed by being fixed in a paraformaldehyde-glutaraldehyde and
being washed with a buffer (PBS). An appropriate chamber from the eight-chambered slide was
observed under the fluorescence microscope for the RSV activity. The observation that was made
from this analysis (Figure 6) was concurrent with the findings that were obtained from the plaque
assay (Figure 5) and confirmed that the peptide RF-482, liposomes, and peptide-loaded liposomes,
were capable of inhibiting the RSV.
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Having the confirmation from the microscopic observation of the viral inhibition, it was necessary
to quantitatively validate the plaque assay results. A significant difference (p <0.05, ANOVA,
post hoc Dunnett’s multiple comparison tests) was observed between a number of gene copies of the
virus sample and samples having the peptide, liposomes, or peptide-loaded liposomes (Figure 7).
This confirmed that the peptide RF 482, liposomes, and peptide-loaded liposomes were equally capable
of inhibiting the RSV. However, although there was no significant difference (p >0.05, t-test) observed
between the peptide, liposome alone, and peptide-loaded liposomes, the loaded liposome samples
displayed a trend for slightly lower gene copies, which indicated slightly more inhibition than the
individual components when used solely (Figure 7).
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4. Discussion
To date, the F, G, M, and small hydrophobic proteins have been considered as targets so as to avoid
the RSV infection [23,32–34]. Nearly a dozen peptide-based formulations have been under clinical
trials, and most of these are targeting the F-protein [35–37]. However, the role of the F-protein is vital
in the spread of the virus, because targeting the G-protein could neutralize the virus, however the
actual spread of the virus is only possible after inhibiting the F-protein [38–40]. Over a decade ago,
studies were suggested that all of the three F-, G-, and RSV-SH protein inhibitors could be used for
the complete RSV inhibition [41]. However, within the last decade, several reports indicated that only
the F-protein was capable of inhibiting the RSV infection [42,43]. Therefore, some recent studies have
specifically targeted the F-protein [20,44,45]. For example, Singh et al. described that the anti-RSV
peptide RF-482 was an F-protein inhibitor and was used to functionalize the GNPs, and a significant
inhibition was reported after the loading of the GNPs [20].
With the quest of finding an alternative carrier for delivering the anti-RSV peptide RF-482,
the liposome formulations were prepared here and were tested for the inhibition of the RSV infection.
RF-482 was a small fusion peptide with 39 amino acids, with a total of 611 atoms [20]. Since it was a
fusion of the peptide and hydrophilic, it was expected that the RF-482 might have gotten entrapped in
the hydrophilic core and that it might have been adsorbed on the surface of the liposomes. Although the
exact mechanism of the peptide association with the liposomes was unrevealed, the functionalization
of the liposomes was confirmed through the dynamic light scattering (Figure 1), change in the surface
charge (Figure 1), fluorescence imaging (Figure 2c), and transmission electron microscopy (Figure 2a,b).
Knowing that the toxicity was an emerging problem in the RSV treatment [7], it was one of
the primary objectives when designing the treatment for the RSV infection. The liposomal research
to date described them as a system that could be used, not only as a delivery system, but also as
adjuvants [15,46,47]. Designing the protein-based liposomal adjuvant vaccine could be an approach
to attaining a maximum efficacy and low toxicity [48]. Similarly, in this scenario, the liposomes had
shown their non-toxic nature for the chosen HEp-2 cells for 72 h, which reflected their potential
application in designing the RSV treatment. The cytotoxicity of the various concentrations of these
liposomes was tested by the MTT assay, and it was found that the liposome formulations of two
different concentrations of lipids, with and without protein loading, did not render any cytotoxic effect
or molecular effect on the host HEp-2 cells (Figure 4).
Amongst the several ways of viral inhibition analysis, the plaque assay, immunofluorescence
microscopy, and qPCR were considered as standard tools [13,21,49]. The anti-RSV effect was therefore
confirmed in the plaque assay (Figure 5), immunofluorescence imaging (Figure 6), and qRT-PCR.
The anti-RSV activity of the peptide RF-282 had already been reported, but an interesting finding
confirmed the inhibition of the RSV in the presence of the DSPC cholesterol liposomes, which resembled
the results from Hendricks et al., where the decoy liposomes were found to be capable of inhibiting
RSV from cellular binding [23]. The functionalization of the gold nanoparticles using the anti-RSV
peptide was shown to have a significant effect on the RSV inhibition, compared with the peptide
alone [20,21]. Similarly, our results also confirmed that the RSV percent inhibition was significantly
increased (p <0.05) for the RF-482 loaded liposomes compared with the RF-482 and liposomes alone
(Figures 5 and 7).
Overall, our research demonstrated that the RF-482 itself was capable of inhibiting RSV,
but the inhibition of RSV was significantly increased with the loading on the liposome.
Moreover, recent reports showed that phosphatidylinositol (PI) inhibited the respiratory syncytial
virus (RSV), as the PI bound the RSV with a high affinity, which inhibited its fusion to the epithelial
cells [31,50]. There were five derivatives of the phospholipids, including the PI and the phosphocholine
(PC). Although the exact mechanism of RSV inhibition by PC was not confirmed, it was possible
that, similarly to the PI, the PC could have an affinity towards the RSV, inhibiting its fusion to the
epithelial cells. However, the liposomal loading of the anti-RSV agents, like RF-482, were shown
to have decreased the viral activity of RSV. Liposomes are multifaceted delivery systems and are
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capable of co-encapsulating compounds depending on their characteristics [51]. This structural
attribute of the liposomes could become a carrier of multiple proteins and/or other anti-RSV
compounds. Liposomes could be designed to look like a virus, by attaching multiple proteins to it [52].
Therefore, liposomes are multifaceted systems and hold the potential of entering the mainstream for
designing the prophylaxis against RSV infection.
5. Conclusions
RF-482 has been reported as an inhibitor of RSV fusion and, to date, gold nanoparticles are the
only reported carrier of RF-482 [21]. However, liposomes have been considered as an alternative
carrier for delivering the anti-RSV peptide, RF-482. Moreover, the liposomes, as a new candidate
for RSV inhibition, have been tested and the inhibitory effect of the liposomes has been shown
to be better compared with the peptide alone, while the peptide-loaded liposomes have proved
to be a better candidate for the RSV inhibition compared with both the peptide and liposomes
alone. However, this has generated another quest to unveil the exact mechanism of the RSV infection
inhibition, using the liposomes or peptide-loaded liposomes, which could lead to the commercialization
of the formulation.
Author Contributions: S.J. conceived, designed, and performed the experiments. A.A.C. designed and performed
the TEM analysis. S.J. wrote the paper. S.R.S., D.J.K., Y.P., and V.D. contributed to the reagents, materials,
and analysis tools, and supervised the investigation, analysis, and interpretation of the data and participated in
the manuscript preparation.
Funding: The research was funded by the Alabama State University (Montgomery, AL, USA) using grants from
NSF-CREST (HRD-1241701) and in collaboration with the Aston University (Birmingham, UK).
Acknowledgments: We are thankful to Michael Miller (Auburn University, Auburn, AL, USA) for the kind
assistance in the microscopic analysis.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Luchsinger, V.; Ampuero, S.; Palomino, M.A.; Chnaiderman, J.; Levican, J.; Gaggero, A.; Larrañaga, C.E.
Comparison of virological profiles of respiratory syncytial virus and rhinovirus in acute lower tract
respiratory infections in very young Chilean infants, according to their clinical outcome. J. Clin. Virol.
2014, 61, 138–144. [CrossRef] [PubMed]
2. Tregoning, J.S.; Schwarze, J. Respiratory viral infections in infants: Causes, clinical symptoms, virology,
and immunology. Clin. Microbiol. Rev. 2010, 23, 74–98. [CrossRef] [PubMed]
3. Falsey, A.R.; Hennessey, P.A.; Formica, M.A.; Cox, C.; Walsh, E.E. Respiratory syncytial virus infection in
elderly and high-risk adults. N. Engl. J. Med. 2005, 352, 1749–1759. [CrossRef] [PubMed]
4. Rappuoli, R.; Mandl, C.W.; Black, S.; De Gregorio, E. Vaccines for the twenty-first century society.
Nat. Rev. Immunol. 2011, 11, 865–872. [CrossRef] [PubMed]
5. Borchers, A.T.; Chang, C.; Gershwin, M.E.; Gershwin, L.J. Respiratory syncytial virus—A comprehensive
review. Clin. Rev. Allergy Immunol. 2013, 45, 331–379. [CrossRef] [PubMed]
6. Kamphuis, T.; Meijerhof, T.; Stegmann, T.; Lederhofer, J.; Wilschut, J.; de Haan, A. Immunogenicity and
Protective Capacity of a Virosomal Respiratory Syncytial Virus Vaccine Adjuvanted with Monophosphoryl
Lipid A in Mice. PLoS ONE 2012, 7, e36812. [CrossRef] [PubMed]
7. Wyde, P.R. Respiratory syncytial virus (RSV) disease and prospects for its control. Antivir. Res. 1998, 39,
63–79. [CrossRef]
8. Mufson, M.A.; Belshe, R.B.; Örvell, C.; Norrby, E. Respiratory syncytial virus epidemics: Variable dominance
of subgroups A and B strains among children, 1981–1986. J. Infect. Dis. 1988, 157, 143–148. [CrossRef]
[PubMed]
9. Haywood, A.M. Interaction of liposomes with viruses. Ann. N. Y. Acad. Sci. 1978, 308, 275–280. [CrossRef]
[PubMed]
10. Zhao, X.; Singh, M.; Malashkevich, V.N.; Kim, P.S. Structural characterization of the human respiratory
syncytial virus fusion protein core. Proc. Natl. Acad. Sci. USA 2000, 97, 14172–14177. [CrossRef] [PubMed]
Bioengineering 2018, 5, 37 12 of 14
11. CDC. Respiratory Syncytial Virus Infection (RSV). 2014. https://www.cdc.gov/rsv/index.html (accessed on
27 April 2016).
12. Piedimonte, G.; Perez, M.K. Respiratory Syncytial Virus Infection and Bronchiolitis. Pediatr. Rev. 2014, 35,
519–530. [CrossRef] [PubMed]
13. Bawage, S.S.; Tiwari, P.M.; Pillai, S.; Dennis, V.; Singh, S.R. Recent advances in diagnosis, prevention,
and treatment of human respiratory syncytial virus. Adv. Virol. 2013, 2013, 595768. [CrossRef] [PubMed]
14. Simões, E.A.; DeVincenzo, J.P.; Boeckh, M.; Bont, L.; Crowe, J.E.; Griffiths, P.; Hayden, F.G.; Hodinka, R.L.;
Smyth, R.L.; Spencer, K. Challenges and opportunities in developing respiratory syncytial virus therapeutics.
J. Infect. Dis. 2015, 211, S1–S20. [CrossRef] [PubMed]
15. Schwendener, R.A. Liposomes as vaccine delivery systems: A review of the recent advances. Ther. Adv. Vaccines
2014, 2, 159–182. [CrossRef] [PubMed]
16. Gregoriadis, G.; Ryman, B.E. Lysosomal localization of β-fructofuranosidase-containing liposomes injected into
rats. Some implications in the treatment of genetic disorders. Biochem. J. 1972, 129, 123–133. [CrossRef] [PubMed]
17. Gregoriadis, G.; Ryman, B.E. Fate of Protein-Containing Liposomes Injected into Rats. Eur. J. Biochem. 1972,
24, 485–491. [CrossRef] [PubMed]
18. Gregoriadis, G.; Leathwood, P.; Ryman, B.E. Enzyme entrapment in liposomes. FEBS Lett. 1971, 14, 95–99.
[CrossRef]
19. Perrie, Y.; Kastner, E.; Kaur, R.; Wilkinson, A.; Ingham, A.J. A case-study investigating the physicochemical
characteristics that dictate the function of a liposomal adjuvant. Hum. Vaccines Immunother. 2013, 9, 1374–1381.
[CrossRef] [PubMed]
20. Singh, S.R.; Tiwari, P.M.; Dennis, V.A. Anti Respiratory Syncytial Virus Peptide Functionalized Gold
Nanoparticles. U.S. Patent 8,815,295, 26 August 2014.
21. Tiwari, P.M.; Eroglu, E.; Bawage, S.S.; Vig, K.; Miller, M.E.; Pillai, S.; Dennis, V.A.; Singh, S.R.
Enhanced intracellular translocation and biodistribution of gold nanoparticles functionalized with a
cell-penetrating peptide (VG-21) from vesicular stomatitis virus. Biomaterials 2014, 35, 9484–9494. [CrossRef]
[PubMed]
22. Vabbilisetty, P.; Sun, X.-L. Liposome surface functionalization based on different anchoring lipids via
Staudinger ligation. Org. Biomol. Chem. 2014, 12, 1237–1244. [CrossRef] [PubMed]
23. Hendricks, G.L.; Velazquez, L.; Pham, S.; Qaisar, N.; Delaney, J.C.; Viswanathan, K.; Albers, L.; Comolli, J.C.;
Shriver, Z.; Knipe, D.M. Heparin octasaccharide decoy liposomes inhibit replication of multiple viruses.
Antivir. Res. 2015, 116, 34–44. [CrossRef] [PubMed]
24. Joshi, S.; Kirby, D.; Perrie, Y.; Singh, S.R. Novel nano-biomaterials for inhibition of respiratory syncytial virus.
Proceedings of TechConnect, Washington, DC, USA, 14 May 2017; pp. 75–78.
25. Bangham, A.D.; Standish, M.M.; Watkins, J.C. Diffusion of univalent ions across the lamellae of swollen
phospholipids. J. Mol. Biol. 1965, 13, 238–252. [CrossRef]
26. Mentel, R.; Wegner, U.; Bruns, R.; Gürtler, L. Real-time PCR to improve the diagnosis of respiratory syncytial
virus infection. J. Med. Microbiol. 2003, 52, 893–896. [CrossRef] [PubMed]
27. Eroglu, E.; Tiwari, P.M.; Waffo, A.B.; Miller, M.E.; Vig, K.; Dennis, V.A.; Singh, S.R. A nonviral pHEMA+
chitosan nanosphere-mediated high-efficiency gene delivery system. Int. J. Nanomed. 2013, 8, 1403–1415.
28. Nahar, K.; Absar, S.; Gupta, N.; Kotamraju, V.R.; McMurtry, I.F.; Oka, M.; Komatsu, M.; Nozik-Grayck, E.;
Ahsan, F. Peptide-coated liposomal fasudil enhances site specific vasodilation in pulmonary arterial
hypertension. Mol. Pharm. 2014, 11, 4374–4384. [CrossRef] [PubMed]
29. Landry, M.L.; Stanat, S.; Biron, K.; Brambilla, D.; Britt, W.; Jokela, J.; Chou, S.; Drew, W.L.; Erice, A.; Gilliam, B.
A standardized plaque reduction assay for determination of drug susceptibilities of cytomegalovirus clinical
isolates. Antimicrob. Agents Chemother. 2000, 44, 688–692. [CrossRef] [PubMed]
30. Baer, A.; Kehn-Hall, K. Viral concentration determination through plaque assays: Using traditional and
novel overlay systems. J. Vis. Exp. 2014, 4, e52065. [CrossRef] [PubMed]
31. Numata, M.; Chu, H.W.; Dakhama, A.; Voelker, D.R. Pulmonary surfactant phosphatidylglycerol inhibits
respiratory syncytial virus–induced inflammation and infection. Proc. Natl. Acad. Sci. USA 2010, 107,
320–325. [CrossRef] [PubMed]
Bioengineering 2018, 5, 37 13 of 14
32. Connors, M.; Kulkarni, A.; Collins, P.; Firestone, C.; Holmes, K.; Morse, H.D.; Murphy, B. Resistance to
respiratory syncytial virus (RSV) challenge induced by infection with a vaccinia virus recombinant expressing
the RSV M2 protein (Vac-M2) is mediated by CD8+ T cells, while that induced by Vac-F or Vac-G recombinants
is mediated by antibodies. J. Virol. 1992, 66, 1277–1281. [PubMed]
33. Mader, D.; Huang, Y.; Wang, C.; Fraser, R.; Issekutz, A.C.; Stadnyk, A.W.; Anderson, R.
Liposome encapsulation of a soluble recombinant fragment of the respiratory syncytial virus (RSV) G
protein enhances immune protection and reduces lung eosinophilia associated with virus challenge. Vaccine
2000, 18, 1110–1117. [CrossRef]
34. Li, Y.; To, J.; Verdià-Baguena, C.; Dossena, S.; Surya, W.; Huang, M.; Paulmichl, M.; Liu, D.X.; Aguilella, V.M.;
Torres, J. Inhibition of the human respiratory syncytial virus small hydrophobic protein and structural
variations in a bicelle environment. J. Virol. 2014, 88, 11899–11914. [CrossRef] [PubMed]
35. Drugbank. BTA9881. https://www.drugbank.ca/drugs/DB05226 (accessed on 22 September 2017).
36. ClinicalTrials.gov. Safety Study of Oral BTA9881 to Treat RSV Infection. https://clinicaltrials.gov/ct2/show/
NCT00504907 (accessed on 22 September 2017).
37. Costello, H.M. The N500 Glycan of the Respiratory Syncytial Virus F Protein is Required for Fusion, but Not for
Stabilization or Triggering of the Protein; The Ohio State University: Columbus, OH, USA, 2013.
38. Hancock, G.E.; Speelman, D.J.; Frenchick, P.J. Adjuvants for Vaccines against Respiratory Syncytial Virus.
U.S. Patents 5723130A, 3 March 1998.
39. McLellan, J.S.; Ray, W.C.; Peeples, M.E. Structure and function of respiratory syncytial virus surface
glycoproteins. In Challenges and Opportunities for Respiratory Syncytial Virus Vaccines; Springer:
Berlin/Heidelberg, Germany, 2013; pp. 83–104.
40. Bukreyev, A.; Yang, L.; Collins, P.L. The secreted G protein of human respiratory syncytial virus antagonizes
antibody-mediated restriction of replication involving macrophages and complement. J. Virol. 2012, 86,
10880–10884. [CrossRef] [PubMed]
41. Heminway, B.; Yu, Y.; Tanaka, Y.; Perrine, K.; Gustafson, E.; Bernstein, J.; Galinski, M. Analysis of respiratory
syncytial virus F, G, and SH proteins in cell fusion. Virology 1994, 200, 801–805. [CrossRef] [PubMed]
42. Techaarpornkul, S.; Barretto, N.; Peeples, M.E. Functional analysis of recombinant respiratory syncytial virus
deletion mutants lacking the small hydrophobic and/or attachment glycoprotein gene. J. Virol. 2001, 75,
6825–6834. [CrossRef] [PubMed]
43. Battles, M.B.; Langedijk, J.P.; Furmanova-Hollenstein, P.; Chaiwatpongsakorn, S.; Costello, H.M.; Kwanten, L.;
Vranckx, L.; Vink, P.; Jaensch, S.; Jonckers, T.H. Molecular mechanism of respiratory syncytial virus fusion
inhibitors. Nat. Chem. Biol. 2016, 12, 87–93. [CrossRef] [PubMed]
44. Perron, M.; Stray, K.; Kinkade, A.; Theodore, D.; Lee, G.; Eisenberg, E.; Sangi, M.; Gilbert, B.E.; Jordan, R.;
Piedra, P.A. GS-5806 inhibits a broad range of respiratory syncytial virus clinical isolates by blocking the
virus-cell fusion process. Antimicrob. Agents Chemother. 2016, 60, 1264–1273. [CrossRef] [PubMed]
45. Samuel, D.; Xing, W.; Niedziela-Majka, A.; Wong, J.S.; Hung, M.; Brendza, K.M.; Perron, M.; Jordan, R.;
Sperandio, D.; Liu, X. GS-5806 inhibits pre-to postfusion conformational changes of the respiratory syncytial
virus fusion protein. Antimicrob. Agents Chemother. 2015, 59, 7109–7112. [CrossRef] [PubMed]
46. Perrie, Y.; Mohammed, A.R.; Kirby, D.J.; McNeil, S.E.; Bramwell, V.W. Vaccine adjuvant systems:
Enhancing the efficacy of sub-unit protein antigens. Int. J. Pharm. 2008, 364, 272–280. [CrossRef] [PubMed]
47. Allison, A.; Gregoriadis, G. Liposomes as immunological adjuvants. Nature 1974, 252, 252. [CrossRef] [PubMed]
48. Perrie, Y.; Frederik, P.M.; Gregoriadis, G. Liposome-mediated DNA vaccination: The effect of vesicle
composition. Vaccine 2001, 19, 3301–3310. [CrossRef]
49. Kim, K.S.; Kim, A.-R.; Piao, Y.; Lee, J.-H.; Quan, F.-S. A rapid, simple, and accurate plaque assay for human
respiratory syncytial virus (HRSV). J. Immunol. Methods 2017, 446, 15–20. [CrossRef] [PubMed]
50. Numata, M.; Kandasamy, P.; Nagashima, Y.; Fickes, R.; Murphy, R.C.; Voelker, D.R. Phosphatidylinositol
inhibits respiratory syncytial virus infection. J. Lipid Res. 2015, 56, 578–587. [CrossRef] [PubMed]
Bioengineering 2018, 5, 37 14 of 14
51. Joshi, S.; Hussain, M.T.; Roces, C.B.; Anderluzzi, G.; Kastner, E.; Salmaso, S.; Kirby, D.J.; Perrie, Y.
Microfluidics based manufacture of liposomes simultaneously entrapping hydrophilic and lipophilic drugs.
Int. J. Pharm. 2016, 514, 160–168. [CrossRef] [PubMed]
52. Zurbriggen, R.; Amacker, M.; Krammer, A.R. Immunopotentiating reconstituted influenza virosomes.
Liposome Technol. 2006, 1, 85–96.
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
